The hyaline layer of echinoderm embryos is an extraembryonic matrix that functions as a substrate for cell adhesion through early development. The major constituent of the hyaline layer is the protein hyalin, a fibrillar glycoprotein of approximately 330 kDa that multimerizes in the presence of calcium. Here we provide a molecular characterization of hyalin and identify a region of the protein that is important for its function in cell adhesion. Partial hyalin cDNAs were identified from two sea urchin species, Strongylocentrotus purpuratus and Lytechinus variegatus, by screening expression libraries with monoclonal antibodies to hyalin. The cDNAs each encode a tandemly arranged series of conserved repeats averaging 84 amino acids. These hyalin repeats are as similar between the two species as they are to repeats within each species, suggesting a strong functional conservation. Analysis of this repeat shows that it is a unique sequence within the GenBank database with only weak similarity to mucoid protein sequences. The hyalin mRNA is approximately 12 kb in length and is present in developing oocytes coincident with the appearance of cortical granules, the vesicle in which the hyalin protein is specifically packaged. The mRNA is present throughout oogenesis but is rapidly lost at oocyte maturation so that eggs and early embryos have no detectable hyalin mRNA. The hyalin protein, however, remains at relatively constant levels throughout development. Thus, all the hyalin protein present during early development, when no RNA is detectable, is maternally derived and exocytosed from cortical granules at fertilization. Hyalin mRNA reaccumulates in embryos beginning at the mesenchyme blastula stage; a RNA gel blot and in situ hybridization analysis of gastrulae and larvae shows a progressive confinement of hyalin mRNA to the aboral ectoderm. Recombinant hyalin containing the tandem repeat region of the protein was expressed in bacteria and is shown to serve as an adhesive substrate, almost equal to that of native hyalin, in cell adhesion assays. This adhesive activity is partially blocked by dilute hyalin monoclonal antibody Tg-HYL to the same extent as that for native hyalin. Thus, this hyalin repeat region appears to contain the ligand for the hyalin cell surface receptor. These data help explain some of the classic functions ascribed to the hyalin protein in early development and now enable investigators to focus on the mechanisms of cell interactions with the hyaline layer.
INTRODUCTION
ment. This structure was first reported by Hertwig (1876), was described by Hammar (1896) as a clear, colorless homoThe hyaline layer of the sea urchin embryo is a classically geneous layer , and was suggested by Herbst (1900) to funcdefined structure now known to be important for develoption by binding blastomeres together. More recent experiments show that the hyaline layer serves directly as a sub-other proteins also are exocytosed from other vesicles at or the hyaline layer and inhibits invagination of the archenteron (Adelson and Humphreys, 1988) . shortly following fertilization (Matese et al., 1997) , hyalin Given these functional properties it is of interest to learn is secreted from cortical granules, within which the hyalin more of the molecular nature of the hyalin protein and its is selectively packaged into the electron-lucent, homogeregulated expression during development. Accordingly, we neous region (Hylander and Summers, 1982) . At fertilizaidentified hyalin cDNAs by screening expression cDNA lition, the hyaline layer forms rapidly and swells to approxibraries from two different species and at two different stages mately 2-3 mm thick within 10-15 min postinsemination with several different anti-hyalin monoclonal antibodies, (Harvey, 1956) .
including an adhesion-blocking antibody. These studies The hyaline matrix was shown to be sensitive to calcium identified an encoded protein domain important for cell adions by Herbst(1900) , and this property was later used by hesion that is unique to the GenBank database. These moinvestigators to devise isolation schemes, alternating callecular tools will help us understand this classically decium-free solubilization with calcium-induced precipitascribed protein. tion (Faust et al., 1959; Vacquier, 1969; Kane, 1970; Citkowitz, 1971 ). Analysis of isolated hyalin protein has shown it to be about 330 kDa in size, containing approximately 25% acidic residues, only 3.5% basic residues, and 2-3% carbo-
MATERIALS AND METHODS
hydrate (Stephens and Kane, 1970; Citkowitz, 1971) . In addition, it has distinct heterogeneity. On SDS-PAGE gels hyaAnimals and reagents. Lytechinus variegatus were obtained lin appears as a smear, suggesting that the molecule is either from the Duke Marine Laboratory (Beaufort, NC) and from Scott's differentially glycosylated and/or is of a heterogeneous Services and Sue Decker (both of Miami, FL). Strongylocentrotus length. Physical studies of purified hyalin have also sugpurpuratus were obtained from Marinus (Long Beach, CA). Gagested that the protein is heterogeneous with different sedimetes were obtained by intracoelomic injection of KCl (0.5 M) and eggs were washed with Instant Ocean artificial sea water (ASW; mentation properties (Gray et al., 1986; Justice et al., 1992) .
Mentor, OH). Eggs were fertilized and cultured as described Recently, the ultrastructure of the protein was identified (McClay, 1986) . S. purpuratus and L. variegatus embryos were culby rotary shadowing as a filamentous molecule about 75 tured at 15 and 20-22ЊC, respectively. In cases where the fertilizanm long with a globular ''head'' about 12 nm in diameter tion envelope was removed, the eggs were fertilized in 10 mM p- (Adelson et al., 1992) . Though most of the filaments of the aminobenzoic acid and the envelopes were removed mechanically protein are 75 nm in length, other filament regions are 25-with Nitex mesh as described (McClay, 1986) . Hyalin was isolated 50 nm longer than the majority, supporting the heterogeas previously described (McClay and Fink, 1982) , using a protocol neous nature of the protein. In the presence of calcium, the that was modified from the original hyalin isolation protocols (Vac- hyalin monomers aggregate with their globular regions to quier, 1969; Kane, 1970) .
To obtain cDNA clones encoding hyalin from L. variegatus, a a high-molecular-weight core particle that remains associmonoclonal antibody, Tg-HYL, originally made to hyalin from ated with hyalin throughout purification. Antibodies to hyTripneustes gratilla (Adelson and Humphreys, 1988) Fink, 1982; Fink and McClay, 1985; Adelson and Hum- screened to obtain more than 20 independent clones. phreys, 1988). At the beginning of gastrulation primary mesTo obtain cDNA clones encoding hyalin from S. purpuratus, enchyme cells lose contact with the hyaline layer and inmonoclonal antibodies generated to the cell surface complex isogress into the blastocoel. At that time, the primary mesenlated as described previously (Decker and Kinsey, 1983) were chyme cells lose an affinity for hyalin and increase their screened for anti-hyalin specificity. These hyalin antibodies were adhesion toward other substrates (McClay and Fink, 1982;  then used to probe a cDNA ovary library from S. purpuratus as described (Laidlaw and Wessel, 1994) . Approximately 10 5 recombi- Fink and McClay, 1985) . Later, the vegetal plate invaginates nants were screened, resulting in eight different cDNA clones.
to form the endoderm. Concurrent with this morphogenecDNA screening procedure. The cDNA libraries were screened sis, the ectoderm and endoderm change in their relative as previously described (Laidlaw and Wessel, 1994) . Briefly, BB4
affinities for hyalin; ectoderm cells retain an affinity while cells harboring the lZAP bacteriophage were plated onto NZCYM endoderm cells lose their affinity (Burdsal et al., 1991) . Conagar plates and cultured at 42ЊC until plaque formation was visible.
sistent with its proposed role in the invagination process Nitrocellulose filters were laid on the bacterial lawn and incubated (Gustafson and Wolpert, 1967) , treatment of embryos with a overnight at 37ЊC. The nitrocellulose filters were removed from monoclonal antibody to hyalin, known to block cell-hyalin the plates and washed several times for a total of 4 h in blotto buffer (50 mM Tris, pH 7.5, 0.9% NaCl, 0.05% and adhesion in vitro, causes the entire embryo to retract from Copyright ᭧ 1998 by Academic Press. All rights of reproduction in any form reserved.
3% nonfat dried milk) and then incubated with the anti-hyalin and then transcribing the template using T7 RNA polymerase. A sense probe was synthesized by linearizing the plasmid with Hinantibodies (either Tg-HYL for L. variegatus or 2B7 and 4B7 for S. dIII and then transcribing the template using T3 RNA polymerase purpuratus) diluted 1/100 at 21ЊC for 2 h. The filters were then (enzymes from Life Technologies, Gaithersburg, MD). washed with several changes of blotto and incubated with goat Immunolocalization in situ. Immunofluorescence localization anti-mouse antibody conjugated to alkaline phosphatase (Sigma, of hyalin was performed in whole mounts and on sections of emSt. Louis, MO) for 2 h. The filters were washed several times with bryos that were fixed and processed as previously described (Laidseveral changes of blotto without milk, and immunolabel signals law and Wessel, 1994) . Primary antibodies were diluted between 1/ were detected with BCIP/NBT colorimetric development as de-50 and 1/200 and the secondary antibody (Cy3-conjugated affinityscribed (Blake et al., 1984) . Plaques reactive to the antibody were purified goat anti-mouse IgG; Kirkegaard and Perry Labs, Gaitherspurified to homogeneity by repeated plating and immunolabeling, burg, MD) was diluted 1/100. and the recombinant cDNA of each plaque isolate was excised with Cell adhesion assay. Embryos from L. variegatus were dissocihelper phage R408 (Stratagene, La Jolla, CA) and recovered as a ated as previously described (McClay, 1986 ). An adhesion assay Bluescript plasmid.
modified from that of McClay et al. (1981) was used to examine DNA sequencing. The DNA sequences were determined by the cell-substrate adhesive affinity. Briefly, substrates were applied to Sanger chain termination method (Sanger et al., 1977) and basal lamina/blastocoel extracellular matrix ''bags'' were preRochester, NY). Sequence data were assembled and analyzed using pared according to McClay (1986) . The hyalin used in these experithe University of Wisconsin Genetic Computer Group sequence ments was either native hyalin purified by standard procedures analysis package (Devereux et al., 1984) . (McClay, 1986) or bacterially expressed recombinant hyalin pepElectrophoretic and immunoblot analyses. Equal numbers of tide. Recombinant hyalin was made by fusing the hyalin repeat eggs and embryos at the stages indicated (approximately 15 mg per region of cDNA clone 6.1 from L. variegatus to glutathione-S lane) were subjected to SDS-PAGE and immunoblot analysis estransferase of pGEX and isolating the hyalin protein by glutathione sentially as described (Towbin et al., 1979) . Samples for analysis affinity chromatography (Smith and Johnson, 1988) .] Equimolar were pelleted, resuspended in SDS-PAGE sample buffer containing amounts of native and recombinant hyalin were applied to each 10 mM DTT and a protease inhibitor cocktail (final concentration well and the wells were then treated with bovine serum albumin per milliliter: aprotinin, 1 TIU; benzamidine, 10 mg; soybean trypsin (2 mg/ml in ASW), to block nonspecific binding sites. One hundred inhibitor, 10 mg; antipain, 1 mg; leupeptin, 1 mg; bestatin, 0.5 mg; Epercent binding controls used cells with no applied substrate, and 64, 1 mg; phosphoramidon, 1 mg; phenylmethylsulfonyl fluoride, 10 0% binding controls used wells that were blocked with bovine mg; chymostatin, 1 mg; pepstatin, 1mg), and denatured for 3 min at serum albumin (BSA). Cells were added to the wells (1 1 10 5 cells/ 100ЊC. The proteins were resolved by SDS-PAGE and either well), and the wells were filled and then sealed with clear plastic stained with Coomassie blue or blotted. Blots were washed twice packaging tape. The plates were spun in a low-speed centrifuge at for a total of 1 h in blotto and then incubated for 1 h in blotto 65 g for 5 min to pellet all the cells as a subconfluent monolayer containing anti-hyalin diluted 1/1000. The blots were then washed onto the substrates. The plates were removed from the centrifuge, three times in blotto over 30 min and incubated in blotto with inverted, and incubated on ice for 30 min. Alternatively, the ingoat anti-mouse antibodies conjugated to horseradish peroxidase verted plates were spun at 65 g with the force acting to pull nonad-(Organon-Teknika, Durham, NC) diluted 10,0001. Blots were hering or very weakly adhering cells away from the substrate. The washed in blotto three more times over 30 min and finally washed well bottoms were then placed, still in an inverted position, on a in blotto without milk. The secondary antibody was detected by microscope stage and the number of bound cells present within a enhanced chemiluminescence as modified from Matthews (1985) .
standard area was counted. Results are given as the number of cells Briefly, blots were incubated in chemiluminescent solution (10 ml bound per unit area of substrate. In these experiments, background of 68 mM p-coumaric acid, 10 ml 1.25 mM luminol, and 30 ml 3% binding was less than 2% and was subtracted from each of the hydrogen peroxide) for 1 min, wrapped in plastic wrap, and exposed binding values shown. to Kodak X-Omat film. Controls used in this experiment included blots incubated with preimmune antisera, or secondary antibody alone, each of the controls showed no signal, or by using antibodies to other cortical granule proteins to test the specificity of the im-RESULTS munoblotting procedure (data not shown). These tests verified that the antibodies used in this study are specific for hyalin.
Hyalin Contains a Region of Conserved Amino
RNA analysis. Total RNA isolated from embryos at several Acid Repeats developmental stages was analyzed by hybridization to RNA gel blots essentially as described (Bruskin et al., 1981) . Relatively equal diverse genera of echinoderms. Each of these antibodies was detected, we conclude that the zygotic transcript is derived from the same gene as the maternal transcripts. used to screen cDNA libraries in several independent screens using libraries from ovaries of L. variegatus and
The hyalin mRNA detected in ovaries is present specifically in developing oocytes (Figs. 3A and 3B) . No signal is S. purpuratus and from gastrula of L. variegatus. Over 20 different expression clones were identified in these screens.
found in mature, accessory cells or other somatic cells of the ovarian capsule, eliminating a potential heterosynthetic Sequences of partial hyalin cDNAs from both the L. variegatus and S. purpuratus overlapping clones are compared source of RNA or protein, as is found for some other macromolecules of the egg like yolk, and glycogen (Anderson, 1974; in Fig. 1 . Sequence from both species contains a large region of an extended tandem repeat averaging 84 amino acids. Shyu et al., 1986) . This RNA signal is found in oocytes of all stages and is very abundant. Based on frequency of plaque The predicted amino acid sequence is strongly conserved among the repeats both within each species (ranging from hybridizations we estimate hyalin to account for 1-2% of the mRNA in ovaries. Although the colorimetric hybridization 38 to 97% identical) and between species (64% identical). The sequence of these cDNA clones encodes a protein with labeling in these in situ hybridizations is difficult to quantify, it appears that oocytes of all sizes contain an equal density a predicted amino acid composition very similar to that obtained by amino acid analysis of purified hyalin protein of label. We conclude from this that oocytes accumulate hyalin mRNA throughout oogenesis, which is consistent (Stephens and Kane, 1970) , further supporting the fact that these regions encode hyalin. We do not know if the epitopes with the kinetics of mRNA accumulation of other cortical granule proteins (Laidlaw and Wessel, 1994) . recognized by each antibody are shared between repeats, but the presence of a redundant epitope may be one reason Coincident with the appearance of hyalin mRNA is the appearance of cortical granules within the oocytes. These for the high frequency of monoclonal antibodies generated to this protein and of identifying cDNA clones to this region organelles accumulate throughout the cytoplasm during oogenesis ( Fig. 3E ) and eventually increase to about 15,000 of hyalin by expression immunoscreens. This repeat sequence has no strong identity to anything in GenBank. The per oocyte (Laidlaw and Wessel, 1994) . Following germinal vesicle breakdown, the cortical granules completely transmost similar sequences (less than 25% identity) are mucins, yet hyalin is biochemically unlike mucins in that only 2-locate to the cortex of the egg where they dock at the plasma membrane in a monolayer ( Fig. 3G ; Berg and Wessel, 1997; 3% of hyalin's mass is carbohydrate (Stephens and Kane, 1970) . The binding site of the Tg-HYL antibody was pre- Matese et al., 1997) . Because of the temporal coincidence of mRNA and protein appearance, the mRNA appears to viously mapped to the filamentous region of the molecule using rotary shadowing of immunolabeled native proteins be translated immediately. During meiotic maturation of oocytes, which takes approximately 9 h in L. variegatus (Adelson et al., 1992) . Thus, the tandemly repeated sequence resides within the long filamentous portion of the (Berg and Wessel, 1997), the oocytes degrade hyalin mRNA so that in mature eggs, none is detected (Fig. 3B ). This result molecule and not in the globular head region.
indicates that the hyalin protein present throughout early development is strictly of maternal origin. The lack of hyalin mRNA during early development (Fig. 3C ) explains a
Hyalin Protein in Early Development Is Maternally previous observation that metabolically radiolabeled hyalin
Derived cannot be identified in embryogenesis at least until gastrulation begins (McClay and Fink, 1982) . By immunoblot analysis, each of the hyalin antibodies detects a 330-kDa band in hyalin isolated from freshly fertilized eggs or from embryos (data not shown), and a smear in Embryonic Hyalin mRNA Expression Is total preparations of eggs, embryos, and larvae (Fig. 2B ). This
Progressively Restricted to Ectodermal Regions
protein heterogeneity has been seen by SDS-PAGE, by FPLC, and by rotary shadowing techniques by several invesHyalin mRNA reaccumulates in embryos beginning at the gastrula stage. The new hyalin mRNA appears only in the tigators (e.g., Adelson et al., 1992) . From the apparent size of the hyalin protein, the mRNA was predicted to be quite ectoderm in a pattern that is consistent initially with an enriched distribution in aboral ectoderm relative to oral ectolarge. This prediction is born out by RNA gel blot analysis ( Fig. 2A) where the mRNA is estimated to be more than 12 derm (Fig. 4A) . A sharp boundary of hyalin message is present in a ring around the vegetal plate, the diameter of which kb in length in both species studied (data not shown for L. variegatus). By RNA gel blot analysis ( Fig. 2A) we find decreases as gastrulation progresses. Based on other lineage markers, these data suggest that hyalin is excluded from enabundant mRNA in the ovary, but no or only very little hyalin mRNA in mature eggs. Hyalin mRNA remains very doderm at the ectodermal/endodermal boundary (Ruffins and Ettensohn, 1996; Logan and McClay, 1997) . As gastrulation low or undetectable in embryos until the mesenchyme blastula stage. During gastrulation, hyalin mRNA reaccumuproceeds the RNA becomes further enriched in the aboral ectoderm, and in early plutei the hyalin mRNA appears allates, at the same size as that found in ovaries, and this pattern of mRNA accumulation is identical for both species most exclusively in the aboral ectoderm (Figs. 4C and 4D ). This mRNA pattern is distinct from protein immunofluo-(data not shown for L. variegatus). Based on genomic DNA blots (data not shown) in which only one hyalin gene is rescence data which shows hyalin in the oral ectoderm and in the lumen of the endoderm (Fig. 5B) . This is probably exderm but not in the endodermal hyalin (Citkowitz, 1971) , and maternal hyalin is known to persist well into gastrulation plained by a long perdurance of the maternal protein, some of which is drawn into the archenteron during gastrulation. In (McClay and Fink, 1982) . Further, the previous autoradiographic pattern (Citkowitz, 1971 ) is now explained by the in support of this hypothesis, the hyaline layer at the blastopore appears distorted (Fig. 5A) ; an autoradiographic profile of isositu RNA hybridization pattern seen here. The hyalin mRNA pattern in larvae is unusual (Fig. 4 ). lated hyaline layers shows new hyalin deposition in the ecto-the arms, where no label is detectable, and at the apex of the oral hood. This pattern of hyalin mRNA and protein accumulation is very similar between L. variegatus and S. purpuratus. The only significant differences are that the clear band around the ciliary band in S. purpuratus is not well defined and the apex of the larva is not stained even late in gastrulation (data not shown).
The intracellular distribution of the hyalin message is consistent with its encoding hyalin since it is confined to the region of the rough endoplasmic reticulum around the nucleus as expected for a protein targeted to the secretory pathway (Fig. 4G) . The flattened squamous cells of the aboral ectoderm enable this visualization. A comparison with the in situ RNA hybridization of the LvS1 RNA, encoding a cytoplasmic protein, is distinct in that the LvS1 signal is distributed throughout the cytoplasm (Fig. 4F) .
When the embryo reaches the feeding stage the endoderm retains hyalin within the lumen, but only in the foregut region. The lumen of the stomach and intestine no longer have hyalin protein, as they did earlier in development (Fig. 5E ).
The Hyalin Repeat Region Contains a Binding Site for Cell Adhesion
Hyalin is a known adhesive substrate (McClay and Fink, layer (Adelson and Humphreys, 1988) . Thus, it was reasonable to predict that the repeat region identified by that antibody would be an adhesive substrate. To test this prediction we used a quantitative adhesion assay to ask whether the First, the oral ectoderm has no signal by in situ RNA hybridization analysis except for a thin strip of ectoderm adjacent bacterially expressed peptide fragment of hyalin repeats serves as a substrate for cell binding. Figure 6A shows the to the ciliary band (Fig. 4E) . The entire ciliary band is negative for hyalin RNA. Since the ciliary band is thought to represent cell affinity to native hyalin relative to substrates of mammalian fibronectin, tenascin, and sea urchin ECM bags. BSA the boundary between the oral and the aboral ectoderm (Cameron et al., 1990) , the pattern of hyalin message distriis used as a background control. We then tested the ability of cells to bind to the hyalin repeat region identified here. bution does not strictly adhere to this boundary since a stripe several cells thick on the oral side of the ciliary band contains Hyalin-glutathione-S transferase fusion protein was synthesized in bacteria and used in the adhesion assay. Figure  hyalin mRNA. The oral surface area beyond these cells is negative for hyalin mRNA though it is difficult to display 6B shows that this fusion protein serves as a good substrate, at about 80% the level of the native hyalin at the same this pictorially since the transparency of the embryo allows one to view the aboral signal out of focus through the oral substrate concentration. In addition, the adhesion-blocking antibody Tg-HYL (McAb 183) used originally to study hyaarea. Only by focusing up and down through the embryo is it clear that the oral surface is devoid of hyalin mRNA. As lin function in vivo blocks cell binding to native hyalin by 22%, as well as by 32% to recombinant hyalin repeats (at larvae age, a progressive loss of signal is apparent within the aboral ectoderm, beginning in the apex of the embryo and the same antibody dilution). We thus conclude that the repeat region of hyalin contains at least one type of cellmoving progressively toward the oral surface (Figs. 4C-4E ). Significant mRNA is retained at the boundary between the binding site. Whether only one or more than one repeat has a binding site is not known, but this level of inhibition by ciliary band and the oral ectoderm except at the very tips of the Tg-HYL antibody is consistent with 35% inhibition in DISCUSSION adhesion originally described for native hyalin (Adelson and Humphreys, 1988) even though the present experiments use Hyalin provides the functional backbone of the hyaline extracellular matrix for development of sea urchin embryos only 1/1000 the concentration of antibody.
FIG. 4.
In situ RNA hybridization analysis of the postgastrula embryo in L. variegatus. (A, B) Hyalin mRNA reaccumulates in embryos beginning at gastrulation. It is initially asymmetric in the embryo, then accumulates only in the aboral ectoderm, and forms a sharp boundary of expression at the ectoderm-endoderm boundary. (C, D) Early plutei accumulate hyalin mRNA throughout the aboral ectoderm except for a small circular area around the blastopore and the ciliary band (arrow). In D the oral surface is in focus and is negative for hyalin RNA. The ciliary band (arrow) is also negative, but a boundary of cells on the oral side of the ciliary band is intensely labeled and is the prominent label in older larvae (E). (F) LvSpec1 encodes a cytoplasmic protein and its mRNA is dispersed throughout the cell's cytoplasm, whereas in G hyalin mRNA is concentrated adjacent to the ectodermal nuclei as expected for a protein that enters the secretory pathway. b, blastopore; o, oral ectoderm. (A-E) Bar, 50 mm. (F, G) Bar, 20 mm.
and here we provide insight into the molecular nature of Tg-HYL antibody to hyalin earlier showed an ability to block cell-hyalin adhesion (Adelson and Humphreys, 1988 ) the functional hyalin protein. Several criteria support the and to bind to the long shaft of the hyalin monomer (Adelconclusion that the cDNAs identified here encode the hyason et al., 1992 ). This same antibody was then used in the lin protein. First, monoclonal antibodies to hyalin from two expression library screen and identified the tandem repeats different species were used to screen expression cDNA liboth in S. purpuratus and in L. variegatus. We show that braries from two different stages. These independent experiexpressed peptides of hyalin repeats serve as an adhesion ments resulted in several overlapping cDNA clones that substrate and that adhesion is at least partially blocked by each contain the hyalin repeats. Second, the transcripts low levels of hyalin antibody. Thus, we conclude that the identified by these cDNAs and the proteins identified by filamentous portion of the hyalin molecule contains the the monoclonal antibodies are each present in the right tandemly arrayed repeats and is the part of the molecule places and at the right times to be consistent with the classirecognized as an adhesive substrate in vivo. The sequence cal definitions of hyalin. This includes accumulation of the of the hyalin repeats appears to represent approximately protein into cortical granules during oogenesis at the same two-thirds of the long shaft of the hyalin molecule. This time as mRNA accumulation, the apical accumulation of value is estimated from mapping another filamentous extrathe protein in the embryo, and the ectodermal accumulacellular matrix protein, fibronectin. Each of the fibronectin tion of the mRNA during gastrulation. Third, the size of type III repeats contain a similar number of amino acids the mRNA is appropriately large for a protein that is over (90) as does a hyalin repeat (84) and each of the FNIII repeats 300 kDa in size. Finally, the amino acid analysis previously is estimated to be 3.5 nm in length (Leahy et al., 1996) . performed on isolated hyalin (Stephens and Kane, 1970) is
Were each of the hyalin repeats to be similar to the FN very similar to the sequence interpreted from cDNA serepeats in length, the 13 repeats shown here would extend quence. Differences apparent at this level are likely due to approximately 45 nm of the 75-nm hyalin shaft. By this the partial sequence of the hyalin cDNA presented here.
reasoning we would predict that the hyalin shaft could conThus, we are confident that the cDNA we have identified tain as many 21 hyalin repeats and account for 230 kDa of is encoded by the hyalin gene.
the mass of the hyalin molecule. When blocked by high concentrations of Tg-HYL (10 mg/ ml), as was used in Adelson and Humphreys (1988) , cells
Cell Adhesion to Hyalin
in vivo retract from the hyalin layer and gastrulation is The tandem hyalin repeats appear to be a portion of the blocked. Using low concentrations of the antibody here (10 ng/ml) we observe inhibition of cell adhesion to recombihyalin protein that serves as a cell-adhesive substrate. The nant hyalin repeats in vitro. These findings do not remove studied. The Spec family of genes, CyIIIa, and the arylsulfaall uncertainties of how hyalin interacts with cells. For examtase gene are each transcribed much earlier in development ple, we have not tested other nonrepeat regions of hyalin for than hyalin (Brandhorst and Klein, 1992) . Then, when the substrate binding activity, so there could be more cell-bindhyalin message does appear, it is not uniformly expressed ing sites. We also do not know whether only one or more throughout the aboral ectoderm. Instead, mRNA accumuthan one of the repeats contain the binding activity. We do lates fastest around the ectoderm-endoderm boundary at know that the Tg-HYL antibody can bind multiple places on the blastopore and then in other areas of the aboral ectothe shaft of the hyalin molecule with the potential of derm, with a low level of expression in the oral ectoderm. blocking multiple binding sites shared by the hyalin repeats.
Later in development, the mRNA signal is also lost in an Both species also have nonrepeat sequence upstream of the irregular pattern, beginning at the vertex of the larvae and repeats that is distinct in the two species studied here and continuing throughout the ectoderm, except for the strip may represent the globular region of the hyalin molecule. It just oral of the ciliary band. Another protein of the hyaline also has no sequence similarity to anything in GenBank.
layer, called Ecto V, is initially expressed all over the surface Since the total size of the native protein is approximately 330 of the ectoderm as is hyalin, but as development continues kDa, of which only 2 -3% of its mass is due to carbohydrate it becomes confined specifically to the oral surface. Thus, (Stephens and Kane, 1970) , we predict that the sequence two proteins in the extraembryonic matrix are both exshown here represents about 1/3 of the protein.
pressed coincidentally all over the embryo and then continued expression is restricted to reciprocal compartments, hy-
Regulation of Hyalin Expression
alin in the aboral and Ecto V in the oral. Similar patterns of progressive restriction have been noted for other proteins, The timing of expression of hyalin at gastrulation is unusual relative to other aboral ectoderm genes that have been e.g., Endo 16 (Ransick et al., 1993) .
where it appears thicker than the hyalin over the ectoderm. This endodermal-associated hyalin appears to be maternally derived, from the original cortical granule exocytosis, since cells of the early embryo and the endodermal lineage of the postgastrula embryo do not accumulate detectable hyalin mRNA. Autoradiography of isolated hyalin bags in which the lumenal hyaline layer was not detectably labeled with metabolic precursors (Citkowitz, 1971 ) supports this conclusion. Thus, we believe that the lumenal hyalin is drawn into the archenteron during invagination and results from a strong adhesion of the endodermal precursor cells to the hyaline layer. Following formation of the mouth and feeding by the larvae, the lumenal hyalin is removed in the midgut and hindgut regions. It is not clear yet whether hyalin is lost by sloughing off as a result of a selective loss of adhesion by cells in that region or whether it is endocytosed by these highly absorptive tissues. The ciliary band has been shown to be an area where presumptive oral and presumptive aboral clones of cells interact and establish a boundary (Cameron et al., 1990) . In the pluteus larva, though, hyalin message appears on both sides of the ciliary band as well as the entire aboral field but is excluded from cells within the band. Such a pattern provides evidence suggesting that patterns of hyalin gene expression are not strictly delimited by lineage but may instead reflect a zone of overlapping and counteracting signals used in establishing the oral-aboral boundary. This means that during transcriptional regulation, which has been shown to be controlled spatially in a modular fashion (Yuh et al., 1994) , the hyalin gene regulatory elements must contain a regulatory capacity that is more detailed than that provided in genes transcribed in all cells of a germ layer, for example. (Matese et al., 1997) . Even more specifically, hyalin is ported binding of cells at 50%, close to the value obtained for native accumulated only into a subregion of each cortical granule hyalin in this experiment (60%), and several times the background (Hylander and Summers, 1982) . Thus, a highly organized provalue (BSA, 12.6%). When parallel wells were further treated with cess of intracellular compartmentalization is at work in oothe monoclonal antibody Tg-HYL, at dilute concentrations, this cytes. Since cortical granules are made only in oocytes, these hyalin-specific antibody reduced binding to hyalin by 22% and to 15,000 vesicles contain enough hyalin protein to supply emthe fusion protein by 32%. Cell binding to native hyalin is signifibryogenesis at least until gastrulation. At gastrulation, hyalin cantly different from binding in the presence of Tg-HYL at P Å secretion must be regulated in a different way than that in 0.00409 (t tests) and the difference between binding to recombinant oocytes. Whether the protein follows a different stimulushyalin and binding to recombinant hyalin in the presence of Tg-HYL is significant at P Å 0.0240. dependent secretory pathway or is in a constitutive pathway in the aboral ectoderm is not known, but the hyalin mRNA in the embryo is in the rough ER-rich region of the cell, and the nascent protein must be trafficked and exocytosed specifically toward the apical surface of the ectoderm. Since The hyalin protein is abundant in the lumen of the invaginating gut and is visible in live embryos, in isolated hyalin cortical granules are not present in the gastrula, the secreted hyalin must use a distinct class of apical secretory vesicles. bags (Citkowitz, 1971) , and in fixed sections of embryos ultrastructure of hyalin, a cell adhesion protein of the sea urchin Such a class of vesicles was identified by a monoclonal antiembryo extracellular matrix. J. Cell Biol. 116, 1283 Biol. 116, -1289 body and appears to carry proteins specifically toward the Alliegro, M. C., and McClay, D. R. (1988) . Storage and mobilization apical surface of the ectoderm (Alliegro and McClay, 1988;  of extracellular matrix proteins during sea urchin development. Matese et al., 1997) , but it is not clear whether hyalin is Dev. Biol. 125, [208] [209] [210] [211] [212] [213] [214] [215] [216] trafficked in that vesicle class or separately in a different Anderson, E. (1974 Fink, R. D., and McClay, D. R. (1985) . Three cell recognition changes accompany the ingression of sea urchin primary mesendynamic roles in other species.
chyme cells. Dev. Biol. 107, 66-74. Gong, Z., Cserjesi, P., Wessel, G. M., and Brandhorst, B. P. (1991) .
Structure and expression of the polyubiquitin gene in sea urchin
